Epoxidation of Propylene by Molecular Oxygen Over Copper-Containing Heterogeneous Catalysis by 储慧
学校编码：10384                          分类号      密级        
学号：200325062                          UDC                   
 
 
硕  士  学  位  论  文 
                                             
含铜多相催化剂上以氧气为氧化剂 
的丙烯环氧化反应 
Epoxidation of Propylene by Molecular Oxygen Over 
Copper-Containing Heterogeneous Catalysts 
 
 
储   慧 
 
指导教师姓名：王 野  教授 
专 业  名 称：物 理 化 学 
论文提交日期：2006 年 7 月 
论文答辩时间：2006 年   月 
学位授予日期：2006 年   月 
 
答辩委员会主席：             
评    阅    人：             
 













A thesis submitted to Xiamen University for M. S. Degree 
 
 
Epoxidation of Propylene by Molecular Oxygen Over 




 By      Hui Chu 
 







State Key Laboratory of Physical Chemistry of Solid Surfaces  


































                          






















  1、保密（ ），在   年解密后适用本授权书。 




作者签名：      日期：  年 月 日 













































第一章 绪 论 
1.1 催化选择氧化 1 
1.2 丙烯环氧化 1 
1.2.1 选择性问题 3 
1.2.2 近年来丙烯环氧化领域的重要研究进展 4 
1.2.2.1 H2O2为氧化剂的丙烯环氧化 5 
1.2.2.2 O2和H2共存下的丙烯环氧化 7 
1.2.2.2.1 Au 催化体系 7 
1.2.2.2.2 Ag 催化体系 8 
1.2.2.2.3 Pd-Pt 催化体系 9 
1.2.2.3 N2O为氧化剂的丙烯环氧化 9 
1.2.2.4 O2为氧化剂的丙烯环氧化 11 
1.3 介孔分子筛与催化剂设计 13 
1.4 论文的构思与目的 14 




2.1 原料与试剂 19 
2.2 催化剂的制备 20 
2.2.1 介孔分子筛的合成 20 
2.2.2 负载型催化剂的制备 21 
2.3 催化剂反应性能评价 22 








































2.4.2 低温N2物理吸附（BET） 23 
2.4.3 程序升温氢还原（H2-TPR） 24 




3.1 引言 25 
3.2 结果与讨论 26 
3.2.1 催化剂探索结果 26 
3.2.2 含铜多相催化剂上的丙烯环氧化反应 28 
3.2.2.1 Cu 含量对催化性能的影响 28 
3.2.2.1.1 未引入K+修饰的Cu催化剂 28 
3.2.2.1.2 经K+修饰的Cu催化剂 31 
3.2.2.2 载体对催化剂性能的影响 34 
3.2.2.3 修饰剂阳离子对催化剂性能的影响 35 
3.2.2.4 修饰剂阴离子对催化剂性能的影响 36 
3.2.2.5 K+含量对催化剂性能的影响 38 




4.1 引言 43 
4.2 结果与讨论 43 
4.2.1 X 射线粉末衍射 43 
4.2.1.1 CuOx/SBA-15 43 
4.2.1.2 K+-CuOx /SBA-15 44 
4.2.2 低温N2物理吸附 46 















4.2.2.2 K+-1 wt％CuOx /SBA-15 和其它碱金属盐修饰的 























4.2.3 H2-程序升温还原 50 
4.2.3.1 CuOx/SBA-15 50 
4.2.3.2 K+-1 wt％CuOx /SBA-15 和不同钾盐修饰的 
1 wt％CuOx/SBA-15 51 
4.2.4 紫外可见漫反射 53 
4.2.4.1 CuOx/SBA-15 53 
4.2.4.2 K+-1 wt％CuOx /SBA-15 和不同钾盐修饰的 
1 wt％CuOx/SBA-15 54 
4.3 构效关系分析 56 




5.1 表观活化能 59 
5.2 反应途径 62 
5.3 反应物分压对催化性能的影响 64 
5.3.1 1 wt%CuOx/SBA-15 催化剂 65 
5.3.1.1 氧分压 65 
5.3.1.2 丙烯分压 66 
5.3.2 K+-1 wt%CuOx/SBA-15 (K/Cu = 0.7)催化剂 68 
5.3.2.1 氧分压 68 
5.3.2.2 丙烯分压 71 
5.4 K+-1 wt%CuOx/SBA-15 (K/Cu = 0.7)催化剂上的可能反应机理 74 
5.5 本章小结 76 
参考文献 77 
 


































Abstract in Chinese I 

























Chapter 1 General Introduction 
1.1 Catalytic Selective Oxidation 1 
1.2 Epoxidation of Propylene 1 
1.2.1 The Problem of Selectivity 3 
1.2.2 Research on Epoxidation of Propylene in Recent Years 4 
1.2.2.1 Epoxidation of Propylene by H2O2 5 
1.2.2.2 Epoxidation of Propylene by O2-H2 7 
1.2.2.2.1 Au catalytic system 7 
1.2.2.2.2 Ag catalytic system 8 
1.2.2.2.3 Pd-Pt catalytic system 9 
1.2.2.3 Epoxidation of Propylene by N2O 9 
1.2.2.4 Epoxidation of Propylene by O2 11 
1.3 Mesoporous Molecular Sieves and Catalyst Design 13 
1.4 The Objectives of this Thesis 14 
1.5 The Outline of this Thesis 14 
References 15 
 
Chapter 2 Experimental 
2.1 Materials and Reagents 19 
2.2 Preparation of Catalysts 20 
2.2.1 Synthesis of Mesoporous Molecular Sieves 20 
2.2.2 Preparation of Supported Catalysts 21 
2.3 Evaluation of Catalytic Properties 22 







































2.4.2 N2 Physical Adsorption 23 
2.4.3 H2-TPR 24 
2.4.4 UV-Vis 24 
References 24 
 
Chapter 3 Epoxidation of Propylene by O2 
3.1 Introduction 25 
3.2 Results and Discussion 26 
3.2.1 The Results of the Catalysts Exploration 26 
3.2.2 Epoxidation of Propylene Catalyzed by Copper Catalysts 28 
3.2.2.1 The Effects of Copper Content 28 
3.2.2.1.1 Catalysts without K+ Modification 28 
3.2.2.1.2 Catalysts with K+ Modification 31 
3.2.2.2 The Effects of the Supports 34 
3.2.2.3 The Effects of the Cations 35 
3.2.2.4 The Effects of the Anions 36 
3.2.2.5 The Effects of Potassium loading amount 38 
3.3 Conclusions 40 
References 41 
   
Chapter 4 Characterizations of Copper-containing Heterogeneous 
Catalysts and Its Structure-Reactivity Relationships 
4.1 Introduction 43 
4.2 Results and Discussion 43 
4.2.1 XRD Characterizations 43 
4.2.1.1 CuOx/SBA-15 43 
4.2.1.2 K+-CuOx /SBA-15 44 





































4.2.2.2 K+-1 wt％CuOx /SBA-15 and other alkali metal modified 
1 wt％CuOx/SBA-15 49 
4.2.3 H2-TPR 50 
4.2.3.1 CuOx/SBA-15 50 
4.2.3.2 K+-1 wt％CuOx /SBA-15 and other potassium salts modified 
1 wt％CuOx/SBA-15 51 
4.2.4 UV-Vis 53 
4.2.4.1 CuOx/SBA-15 53 
4.2.4.2 K+-1 wt％CuOx /SBA-15 and other potassium salts modified 
1 wt％CuOx/SBA-15 54 
4.3 Structure-Reactivity Relationships 56 
4.4 Conclusions 57 
References 57 
 
Chapter 5 Kinetic Studies of Copper-containing Heterogeneous 
Catalysts  
5.1 Apparent Activation Energy 59 
5.2 Reaction Route 62 
5.3 The Effects of Reactant Partial Pressure 64 
5.3.1 1 wt%CuOx/SBA-15 Catalyst 65 
5.3.1.1 O2 Partial Pressure 65 
5.3.1.2 C3H6 Partial Pressure 66 
5.3.2 K+-1 wt%CuOx/SBA-15 (K/Cu = 0.7) Catalyst 68 
5.3.2.1 O2 Partial Pressure 68 
5.3.2.2 C3H6 Partial Pressure 71 
5.4 The Possible Reaction Mechanism on 
   K+-1 wt%CuOx/SBA-15 (K/Cu = 0.7) 74 




















Chapter 6 General Conclusions 78 
 

















摘  要 









K/Cu摩尔比为 0.7 的K+-1 wt％CuOx/SBA-15 催化剂表现出最佳的丙烯环氧化催
化性能。该催化剂在 1％～12％的丙烯转化率下可以获得 15～50％的PO选择性，

































This dissertation contributes to the studies on the epoxidation of propylene by molecular 
oxygen over alkali metal salt-modified CuOx/SBA-15 catalysts. The structures and catalytic 
performance of the Cu-containing catalysts have been investigated in detail, the reaction 
mechanism has been discussed through kinetic studies. 
It is found that, after K+ modification, the CuOx/SBA-15 exhibits the best propylene oxide 
(PO) selectivity and yield among a series of SBA-15-supported transition metal ions or oxide 
catalysts. The catalyst has been optimized by investigating the influences of various factors such 
as copper content, supports, nature of modifiers and K/Cu molar ratio. It is clarfied that the K+-1 
wt％CuOx/SBA-15 (K/Cu = 0.7) catalyst shows the best catalytic performance for propylene 
epoxidation. Over this catalyst, moderate selectivities (ca. 15-50%) to PO can be sustained as 
propylene conversion increases from ca. 1% to 12%. At the same time, the rate of PO formation 
can reach 2.1 mmol g-1 h-1 and the turnover frequency for PO formation based on Cu is 17.5 h-1. 
This result is remarkably better than other Cu-based catalyst reported so far for the epoxidition of 
propylene by molecular oxygen.  
Characterizations by XRD, N2 sorption, H2-TPR and UV-Vis spectroscopy suggest that 
copper species in the catalyst are mainly located in the mesoporous channels of SBA-15 and exist 
probably in the states of small Cu(II)O clusters and highly dispersed Cu(II) ions when the copper 
content is lower than 10 wt％. The reducibility of copper species become difficult with the 
addition of alkali metal ions, and this probably causes the inhibition of the reactivity of lattice 
oxygen, leading to the suppression of the allylic oxidation. Strong interactions may occur between 
the potassium ions and copper species, which result in uniform and highly dispersed copper 
species.The high PO selectivity can be maintained at a high O2 partial pressure or a highly O2-rich 
atmosphere over the K+-1 wt％CuOx/SBA-15 catalyst. This allows us to speculate that the highly 
dispersed copper species in oxidized states modified by K+ may be responsible for propylene 
epoxidation by molecular oxygen. 
The kinetic studies reveal that the apparent activation energy and the reaction route have 
changed significantly after the modification of the CuOx/SBA-15 by K+. By analysing the kinetic 
behaviors, a mechanism based on a molecular-type active oxygen species (i.e., peroxide) has been 
proposed for propylene epoxidation. It is likely that K+ may stabilize such electrophilic active 
oxygen species. 
























































厦门大学理学硕士学位论文                             储慧 
Table 1-1 Industrial process for oxidation of hydrocarbons developed during the past 
4 decades[1]
Process Phase Catalyst 
Naphthalene to phthalic anhydride Gas V-K-O 
Ethylene to acetaldehyde Liquid Pd-Cu-Cl 
p-Xylene to terephthalic acid Liquid Cu-Mo-Cl 
Butene to maleic anhydride Gas V-P-O 
Methanol to formaldehyde Gas Fe-Mo-O 
Propylene ammoxidation to acrylonitrile Gas Complex oxide 
Propylene to acrolein Gas Complex oxide 
Acrolein to acrylic acid Gas V-Mo-O 
Ethylene & acetic acid to vinyl aceteate Liquid Pd-Cu-Cl 
o-Xylene to phthalic anhydride Gas V-Ti-O 
Propylene to propylene oxide Liquid Ti-Mo-O 
Butanol to methylcrilate Liquid MoO3 
Ethylene to vinyl chloride Gas Cu chloride 
Butane to maleic anhydride Gas V-P-O 
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